The Gulf menhaden Brevoortia patronus is one of the most abundant pelagic fishes in the northern coastal Gulf of Mexico (hereafter, "Gulf") and is the principal forage for various commercial and sport fishes, sea birds, and marine mammals. Part of the life history of Gulf menhaden is spent on the continental shelf and part is spent within estuaries. Adults spawn near the mouth of the Mississippi River, and larvae aggregate within the river plume front. Larval Gulf menhaden transit the continental shelf and enter estuaries of the northern Gulf as juveniles. Govoni (1997) The Gulf menhaden Brevoortia patronus is an exploited marine resource as well as an integral and key ecological component of the coastal northern Gulf of Mexico (hereafter, "Gulf") 
GULF MENHADEN RECRUITMENT 345 northern Gulf, it also provides a short circuit for the transfer of detrital energy directly to consumers (Lewis and Peters 1984) . The Gulf menhaden is one of the most abundant pelagic fish in the northern coastal Gulf and is the principal forage for various commercial and sport fishes, sea birds, and marine mammals (Ahrenholz 1991) . Given these attributes and ecological roles, the Gulf menhaden provides a key indicator of the productivity and health of the ecosystem.
Part of the life history of Gulf menhaden is spent on the continental shelf and part is spent within estuaries (Ahrenholz 1991) . Adults spawn primarily near the mouth of the Mississippi River in winter. Larvae aggregate within the river plume front (Govoni et al. 1989) , transit the continental shelf, and enter estuaries of the northern Gulf as juveniles. The mechanism of this transit across the extended offshore estuary (Able 2005) is not well understood. Adult Gulf menhaden reoccupy nearshore continental shelf waters, where they feed and reproduce (Ahrenholz 1991) .
Recruitment is the process of population dynamics through which individuals must pass before joining adult populations and the habitats they occupy. Gulf menhaden recruitment is correlated with the combined discharge of the Mississippi and Atchafalaya rivers (Govoni 1997) . Recruitment of half-year-old Gulf menhaden is inversely correlated with winter and spring discharge rates on an annual scale. When the discharge rate in winter and spring increases from year to year, Gulf menhaden recruitment or year-class strength (as measured by the abundance of half-year-olds) decreases; when discharge decreases, the abundance of half-year-olds increases (Govoni 1997; Vaughan et al. 2000) . On an annual scale, this reciprocal association is thought to be related to a mechanism of larval transport. On a decadal scale, there has been an apparently systematic-possibly climate-driven-increase in both river discharge and Gulf menhaden recruitment since the mid1970s. This association is thought to be related to changes in primary production and consequent secondary production (Govoni 1997) that are driven by nutrients delivered to the northern Gulf by the Mississippi River (Liu and Dagg 2003) .
Mississippi River discharge is related to global climate change and the associated hypoxic zone that is evident in the northwestern Gulf (Rabalais et al. 2007; Turner et al. 2008) ; hypoxia might be another possible correlate of Gulf menhaden recruitment and Mississippi River discharge. Whereas Gulf menhaden spawning and larval growth occur in winter within waters overlying the continental shelf of the northern Gulf (Ahrenholz 1991) , the hypoxic zone is a summer phenomenon that is driven ultimately by nutrients delivered to the coastal ecosystem by Mississippi River discharge.
Three objectives were addressed in this study: (1) to test whether the underlying relationship found by Govoni (1997) between recruitment and river discharge continues to hold with more recent recruitment estimates (Vaughan et al. 2007 ); (2) to recast the statistical relationship in the form of year-ahead forecasts of recruitment to age 1 rather than the recruitment of half-year-olds as was used by Govoni (1997) ; and (3) to incorporate this relationship into the stock assessment model of Vaughan et al. (2007) . The forecasts can be further extended between assessments by using each 1-year prediction as input for additional forecasts. Because Gulf menhaden are short lived (1-4 years; Ahrenholz 1981) and because landings are largely recruitment driven, this approach has the potential to provide real-time management projections of allowable catch.
METHODS
River discharge data and correlation.-Water drained from approximately 40% of the North American continent collects into the Mississippi River (Turner et al. 2008) , and flow is diverted downstream into the Mississippi and Atchafalaya rivers. Discharge of the Mississippi and Atchafalaya rivers is controlled and flow is measured by the U.S. Army Corps of Engineers at two locks located north of New Orleans, Louisiana (Figure 1 ). Discharge data were obtained from the U.S. Army Corps of Engineers (2009a Engineers ( , 2009b /s]) that are accumulated by month and averaged overwinter (from November through the following March). Flow index data for a given calendar year represent January-March of that year and November-December from the previous calendar year. Our computation of Mississippi River flow indices was identical to the methods described by Govoni (1997) . Because river discharge is measured in winter (November-March), data for the most recent year become available in early April (Figure 2) . Vaughan et al. (2007) estimated the recruitment of Gulf menhaden most recently through a statistical catch-age model by using the number of fish in landings at each age (ages 0-6) for each year . Thus, estimates were available for the number of recruits to age 0 in year t (half-year-old fish; R 0,t ) and to age 1 in year t + 1 (R 1,t+1 ). However, landings of age-0 Gulf menhaden were minor (essentially zero in recent decades), so the relationship between age-0 and age-1 fish within a cohort was mostly a function of natural mortality, which was assumed to vary by age but not by year. Thus, any statistical relationship between age-0 recruits and Mississippi River flow was expected to hold between age-1 recruits (of the same cohort) and Mississippi River flow. In this study, analyses were based on recruits to age 1. Govoni (1997) compared the change in recruitment to age 0 ( R 0,t = R 0,t -R 0,t-1 ) with the change in river flow ( F t = F t -F t-1 ) for the same time period (t -1, t). A similar comparison can be made for recruits to age 1 from the same cohort as the age-0 recruits (Figure 3 ). The year in which fish recruit to age 1 follows the year in which fish from the same cohort recruit to age 0, and hence there is a 1-year lag expressed as where Z 0,t is the instantaneous total mortality rate of age-0 Gulf menhaden, R 0,t represents recruits to age 0 in year t, and R 1,t+1 represents recruits to age 1 in year t + 1. With little or no fishing mortality on age-0 fish, Z 0,t reduces to M 0 , which is the instantaneous natural mortality rate for age 0 and is constant across years. Regression analyses.-A predictive model was developed by regressing R 1,t+1 on the 1-year change in river discharge in year t ( F t ) and the 1-year lagged recruitment in year t (R 1,t ) with t equal to 1965-2004,
where b 0 , b 1 , and b 2 are estimated parameters; and error ε is normally distributed ε ∼N(0,σ 2 ). We used the differenced flow values rather than separate values with their own coefficients for two reasons: (1) to maintain consistency with the methods of Govoni (1997) and (2) more importantly, to address nonstationarity in the river flow data. Determination of nonstationarity was based on autoregressive integrated moving average modeling techniques (Nelson 1973) . Equation (2) permits 1-year-ahead forecasting of age-1 Gulf menhaden in the northern Gulf.
Forecasts can be evaluated in two ways. First, a comparison can be made with subsequent estimates of realized (observed) population recruitment from the statistical catch-age model. Alternatively, an evaluation of the historical performance of the regression model can be made by reducing the data set by 1 year (e.g., removing data year 2004 from the 1964-2004 data set), sequentially re-estimating the regression parameters, predicting recruitment for the next year, and comparing that prediction with the observed estimate of recruitment. This retrospective approach was based on equation (2) and was conducted by sequentially reducing the terminal year of recruits to age 1 from 2004 to 1997. This sequential approach allowed us to consider the stability of our regression results as the data were removed.
Projections can be extended beyond 1 year but with increasing uncertainty. By assuming the initial 1-year projection estimate of recruits to age 1 in the terminal year + 1 as "known," we can use that value as the lagged recruits to age 1 in equation (2) to develop an additional projection for the terminal year + 2. This sequence can be computed into the future with available additional years of Mississippi River discharge data. At the time of writing, data through March 2009 were available, so projections of recruits to age 1 were made through 2010. 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 Winter Discharge (m 3 /sec)
Miss. R. Atch. R. Stock assessment analyses.-To examine the utility of including river discharge in a population model of Gulf menhaden, we applied the stock assessment of Vaughan et al. (2007) but modified the recruitment function to incorporate environmental effects (Schirripa et al. 2009 ), FIGURE 3. Plot of change in Gulf menhaden recruitment to age 1 ( R 1 ) compared with the change in discharge of the Mississippi and Atchafalaya rivers ( Flow). Flow and recruits are aligned by cohort year (t -1, t), so the year of recruitment to age 1 is a year later. The inverse relation between R 1 and Flow is significant (r 2 = 0.298; P < 0.0005). TABLE 1. Parameter estimates for models predicting the number of age-1 Gulf menhaden recruits (R 1 ; equation 2) as function of the change in discharge of the Mississippi and Atchafalaya rivers and 1-year lagged R 1 (note that b 0 , b 1 , and b 2 were calculated based on river discharge in ft 3 /s). Analyses included recruitment estimates from the latest stock assessment (Vaughan et al. 2007 ) with data through 2004 (P > F is the probability [based on the F-test] that the reduction in sums of squares due to the regression model fit to the data was statistically significant). Robustness of the regression results was illustrated by a retrospective analysis in which recent data were removed and parameter values were re-estimated (see Methods). where R is predicted recruitment; f is a function of spawners S (here, population fecundity); F is standardized river flow; and h, R 0 , and β are parameters (defined in more detail below). Thus, the assessment model here estimated all of the same parameters presented by Vaughan et al. (2007;  i.e., annual fishing mortality rates, selectivity parameters, and catchability) except for stochastic annual recruitment deviations. Instead, recruitment was treated as deterministic by using several versions of equation (3) as described below. We considered two spawner-recruit relationships (i.e., f ): Beverton-Holt and Ricker. For each, we applied three variations of equation (3) to examine recruitment as a function of S only, F only, or both S and F. In the first, the β parameter was not estimated but was fixed at zero; thus, equation (3) simplifies to R t+1 = f (S t |h, R 0 ). In the second variation, h (the steepness parameter) was not estimated but was fixed at a value such that recruitment was independent of S (h = 1 for Beverton-Holt; h = ∞ for Ricker); thus, equation (3) simplifies to R t+1 = R 0 e βF t+1 , where R 0 is interpreted as mean recruitment (rather than the usual interpretation of recruitment that is not harvested). In the third variation, recruitment was a function of both S and F such that equation (3) was applied in full. Thus, the assessment models applied six variations of equation (3) to predict recruitment (however, note that the two variations with fixed h are identical). Using maximum likelihood, the models were fitted to catch-age data and an index of abundance. Computations were conducted with Automatic Differentiation Model Builder software (ADMB Project 2010), and performance was compared among models by use of Akaike's information criterion (AIC).
RESULTS

River Flow Correlation
Correlations comparing the change in Mississippi River discharge with the corresponding change in Gulf menhaden recruitment demonstrated only small differences between the ages of recruitment. The adjusted estimates of r 2 were 0.266 for age-0 recruits and 0.298 for age-1 recruits (Table 1) . These relationships therefore explained between 27% and 30% of the variability in the assessment estimates of recruitment.
Regression Analyses
Estimated age-1 recruits generally fit the observed data well; the exception was the estimate for 1985, which fell outside the 95% confidence interval (CI; Figure 4 ). The width of the 95% CI about the predicted point suggested that a considerable amount of uncertainty remained unexplained (1 -r 2 , expressed as a percentage).
Sequentially reducing the terminal year of data resulted in consistent parameter estimates over the final 3-4 years of the data set (terminal years 2001-2004; Table 1 ). Furthermore, 1-year projection estimates from the sequential regressions compared well with the estimates for the same year based on the regression that included all of the data (Table 2, columns labeled "All data" and "1 year ahead"). These estimates of expected and predicted values indicated good correspondence with stock assessment values in some years but not in others. Only small discrepancies were noted when overlaying the estimates of recruitment among the various retrospective model fits ( Figure 5 ). Estimates of adjusted r 2 ranged from 0.30 to 0.38, depending on the terminal year of the data (Table 1 ). The magnitude peaked (and the P-value was minimized) when 2000 was used as the terminal year of data. After terminal year 2000, the inclusion of additional data resulted in some deterioration of the regression fit.
One-year projection estimates (and 95% CIs) of recruits to age 1 were compared with the observed values from the stock assessment for projection years 1998-2005 (where projection year = terminal year + 1; Figure 6 
Stock Assessment Analyses
Assessment models that predicted recruitment from spawning stock size performed better than the models that predicted recruitment from river discharge alone (Table 3 ). The bestperforming models were those that predicted recruitment from both spawning stock size and river discharge. This result held true for both the Beverton-Holt and Ricker spawner-recruit functions.
DISCUSSION
Various environmental correlates have been proposed for predicting Gulf menhaden harvests (Stone 1976; Guillory et al. 1983; Guillory 1993) . Many of these correlates (e.g., temperature and salinity) are themselves correlated with combined Mississippi River discharge. Because Gulf menhaden landings depend primarily on ages 1-3 (age 2 typically dominates the landings; Vaughan et al. 2007 ), the Gulf menhaden fishery is largely recruitment driven. Therefore, an understanding of Gulf menhaden recruitment dynamics is important for proactive management.
With the addition of new data, the relationship first observed by Govoni (1997) still holds. In contrast, established (Nelson et al. 1977) was later found to no longer hold with the addition of more years of data. This is partly attributable to the large influence of the 1958 yearclass on the original relationship and to the lack of veracity of Ekman transport as a causative agent in Atlantic menhaden recruitment. The addition of more years of data diluted the original results. More recently, McClatchie et al. (2010) reassessed the temperature-recruit relationship for the Pacific sardine Sardinops sagax and found that this relationship no longer held; thus, those authors recommended that the relationship be removed from Pacific sardine management. Uncertainty associated with model fits assumes that the independent variables (Mississippi River discharge and the previous year's recruits to age 1) are known without error. Because this is not strictly true, the 95% CIs presented here should be considered underestimates of true uncertainty. Although the observed value falls within the 95% CI about the predicted point, the width of these CIs suggests the need to explore additional environmental factors that might expand the current model framework to further reduce uncertainty and improve the predictive power of the model.
Gulf menhaden assessments have been conducted on an approximately 5-7-year cycle, beginning with Ahrenholz (1981) , followed by Vaughan (1987) and then by Vaughan et al. (1996 Vaughan et al. ( , 2000 Vaughan et al. ( , 2007 . Between assessments, a priori knowledge of recruits to age 1 should help the fishing industry adjust their effort and should assist the Gulf States Marine Fisheries Commission in making their regulatory recommendations. Thus, to the extent that the Mississippi River discharge is informative of the recruitment process for Gulf menhaden, this relationship can benefit the management process. In particular, it may help in cases when unusually weak or strong recruitment events are predicted.
To bridge the gap since the terminal year (2004) of the last assessment (Vaughan 2007) , we attempted to provide estimates of Gulf menhaden recruitment through 2010 (Figures 4, 5) by using Mississippi River discharge data through winter 2008. These extended 1-year-ahead forecasts used the previous year's prediction as the basis for the next year. Although such forecasts can TABLE 3. Comparison of assessment models with different functions for predicting recruitment of Gulf menhaden. The models applied either the Beverton-Holt (BH) or Ricker (R) spawner-recruit (SR) relationship. The steepness parameter (h) was either estimated (Y) or not estimated (N); if not estimated, h was set to a value where recruitment was independent of spawning size, such that the remaining parameter of the SR relationship described mean recruitment (thus, models 2 and 5 are the same). Similarly, the β parameter, which describes the effect of standardized river discharge on recruitment, was either estimated (Y) or fixed at zero (N). Also presented are the number of parameters in the full assessment model, the negative log likelihood (−log[L]) of the fit to the data, and Akaike's information criterion (AIC; lower AIC indicates better model performance). provide useful information, we note that the iterative approach leads to increasing uncertainty in subsequent forecasts. Over the years, significant improvements in available information have resulted in a broader array of modeling approaches for use with stock assessments. For example, earlier assessments assumed that natural mortality was constant across ages and that the catch-age matrix was known without error. In addition, these assessments did not directly incorporate state-specific, fisheryindependent indices of recruitment (Vaughan 1987; Vaughan et al. 1996 Vaughan et al. , 2000 . The most recent assessment incorporated these new data with less-restrictive assumptions (Vaughan et al. 2007) .
Model
Our results suggest that future assessments could be improved further by including river discharge as an environmental covariate for the modeling of recruitment. Whether Beverton-Holt or Ricker functions were used, the inclusion of river flow information enhanced model performance as indicated by AIC (Table 3) . Furthermore, the AIC indicated that the Ricker function outperformed the Beverton-Holt function; however, we caution against the use of AIC values to select between them. The two functions can lead to quite different management advice, and we agree with previous authors (Williams and Shertzer 2003 ) that the Ricker function should be used only with convincing evidence that its underlying mechanisms are in play. In either case, the inclusion of environmental covariates could be accomplished by modifying the spawner-recruit function (as we have done here) or by using the time series of environmental data as an index with which to tune annual recruitment deviations (Schirripa et al. 2009 ).
Although our focus was on recruitment, various statistical approaches have also been used to forecast harvests of Atlantic menhaden and Gulf menhaden (Schaaf et al. 1975; Hanson et al. 2006 ). In particular, several forecasting techniques were compared in a setting analogous to that in our study (Hanson et al. 2006) , including the multiple regression approach used here, multivariate time series (e.g., state space modeling), and artificial neural networks. The multiple regression approach performed as well as or better than the alternative approaches.
Mississippi River discharge may have an indirect influence on the northern Gulf ecosystem and on fisheries recruitment. Since the 1940s, nutrient loads discharged by the river have increased owing to changes in agricultural practices on the North American continent (Turner et al. 2008) . The increased nutrient loads have resulted in a zone of hypoxic water in the northern Gulf region west of the Mississippi Delta. The apparent sensitivity of adult Gulf menhaden to hypoxic conditions was evident in summer 1995, when exceptionally low catches off the Louisiana coast from Southwest Pass westward to Marsh Island co-occurred with the impingement of hypoxic waters upon Louisiana's nearshore waters (Smith 2000) . Hypoxic water is near the bottom; consequently, the sensitivity of Gulf menhaden juveniles is probably related to the interaction of habitat displacement and the shoreward, deepwater movement of these fish (Craig and Crowder 2005) . Persons responsible for assessing the impact and consequences of hypoxia in the northern Gulf, along with those responsible for appraising the impact of global climate change, should benefit from the forecast of Gulf menhaden, a key ecological species that responds to annual changes in runoff and Mississippi River discharge.
Environmental changes influence ecosystems (Kimmel et al. 2009 ). Mississippi River discharge, which is determined by precipitation and runoff, varies on decadal and annual scales. Mississippi River and Atchafalaya River discharge rose from 1963 to a peak in 1974, declined, and became erratic from 1976 to 2009, especially over the last decade (Figure 2) . Although Gulf menhaden recruitment has been relatively variable from year to year, recruits to age 0 generally rose from 1963 to a peak in 1984, declined, and then gradually rose to a more recent peak in 1998, which was followed by an overall decline. Recruits to age 1 show the same pattern but with a 1-year lag (Figure 4) . Thus, both river discharge and recruitment demonstrate significant annual variability and, as suggested by the regression model, they do so in an inverse fashion. Long-term patterns in these two variables are not as well linked. Annual-and decadal-scale change in the relationship between Gulf menhaden abundance and river discharge may well signal an ecosystem regime shift (sensu Steele 1998) in the northern Gulf ecosystem.
Models are essential for forecasting the effects of ecosystem change on fisheries recruitment and consequent production. The influence of temperature, salinity, and river discharge on fish recruitment has been well documented (Drinkwater and Frank 1994; Grimes and Kingsford 1996; Gillanders and Kingsford 2002) , but few comprehensive predictive models are available. Within estuaries, river discharge is correlated with growth and survival of young fish (North and Houde 2003; Shoji and Tanaka 2006) . A threshold for the influence of salinity and flow rate on the abundance of young fish (including other estuarine-dependent, herringlike fish) is evident wherein a positive relationship becomes negative (Strydom et al. 2002; Whitfield and Harrison 2003) . Mississippi River discharge influences fishery production in the northern Gulf, but its direct influence on the recruitment of other stocks may be either positive or negative (Grimes 2001) .
The models presented here are directly applicable to forecasting the effects of Mississippi River discharge on Gulf menhaden production and can be used in fisheries and ecosystem management. We have demonstrated that the association reported by Govoni (1997) continues to hold with the analysis of additional, more recent data. We have developed a regression methodology for near-term forecasts that can allow management organizations to make the better-informed decisions that are required to proactively manage Gulf menhaden. Finally, we have demonstrated that the inclusion of river flow improves the performance of the most recent Gulf menhaden stock assessment model (Vaughan et al. 2007 ).
